Five diseases: acute respiratory infection (ARI), diarrhea, malaria, measles, and AIDS, are responsible for more than half of all deaths in children younger than age 5. ARI is now the leading cause of mortality in children younger than 5 years, accounting for nearly one fifth (20%) of childhood deaths worldwide, and killing between 2 and 3 million children each year. Because ARI often occurs with other diseases, including measles, malnutrition, and AIDS, childhood deaths attributed to other causes may actually be caused by ARI. The largest portion of ARI deaths occur in Africa and Southeast Asia, and, worldwide, mortality caused by ARI in children younger than 5 years is closely linked to poverty.
improvement, have been developed based on the scientific advances of the past several decades. Vaccine and antiviral development for RSV and parainfluenza has, in comparison, been strikingly neglected. The pediatric respiratory diseases have received some of the lowest levels of funding compared with other fields of health research [4] . Only limited resources have been devoted to RSV or parainfluenza virus vaccine or antiviral drug development, despite the huge impact of these diseases on illness and hospitalization of infants worldwide. It is therefore especially exciting to report important recent developments that result directly from scientific advances applied to prevention of acute respiratory disease.
This article is organized around several important individual pediatric pathogens that are responsible for croup, bronchiolitis, and pneumonia in children. Pathogens are discussed that have been studied for several decades, including respiratory syncytial virus and the parainfluenza viruses, and viral pathogens that are newly identified as of this writing are human metapneumovirus and human coronavirus NL63. In light of the escalating rate of emergence of new infectious agents, which is fortunately being met with equally rapid advancements in molecular methods of surveillance and pathogen discovery, new organisms will be added to the list in the near future. A section on therapies for bronchiolitis addresses several of the final common pathways that can result from infection with the diverse pathogens, highlighting the mechanisms that may be amenable to therapeutic approaches. The article concludes with a discussion of the overarching impact of new diagnostic strategies.
Respiratory syncytial virus infection
RSV is the leading cause of bronchiolitis and lower respiratory tract infection in young children, accounting for 50% to 90% of all hospitalizations from bronchiolitis. RSV is a member of the Pneumovirus genus within the Pneumovirinae subfamily of the Paramyxoviridae family of negativestranded RNA viruses. RSV replicates initially in the nasopharyngeal epithelium and later spreads to the lower respiratory tract. Viral replication in the small airways causes inflammation, sloughing, and necrosis of the bronchiolar epithelium. The resultant edema and increased mucous secretion may, depending on the severity of disease, cause plugging of the small airways, atelectasis, airway narrowing, and obstruction. Primary infection with RSV in an immunologically naı¨ve host tends to be the most severe, but whether this usually occurs because of immunopathologic mechanisms, immunologic immaturity, or the smaller vulnerable airways of infected infants, or a combination of factors is unclear. The contribution of the virus, the underlying genetic predisposition of the host, and the components of the inflammatory response form a complex picture in the genesis of severe RSV disease, in which the individual roles remain to be delineated.
Genetic susceptibility to severe respiratory syncytial virus
Several abnormal underlying conditions that predispose to severe forms of RSV disease have been enumerated, and include prematurity, preexisting lung disease, and various forms of immunodeficiency. However, one must understand why some apparently healthy infants and children proceed from initial infection to severe lower respiratory tract disease, whereas others experience a relatively mild, self-limited illness. Several groups have recently identified normal genetic variation among humans as a major factor in disease severity. Specific alleles of interleukin (IL)-4 [5] and the IL-4 receptor [6] were identified that are associated with more severe disease, and promoter variants of IL-10, IL-9, and tumor necrosis factor a (TNF-a) genes probably also influence disease severity [7] . Variations at the IL-10 gene locus are associated with a severe form of disease [8] . Ample evidence also exists for a relationship between a locus on the IL-8 gene and disease severity [9, 10] .
Recently identified variants of the chemokine receptor CCR5 also seem to predispose to severe RSV bronchiolitis [11] , and a correlation was established between specific alleles of the genes for surfactant A and D and an increase in disease severity [12, 13] . In light of this mounting evidence for specific genetic contributions to RSV disease severity and the possibility that similar or related genetic variation may underlie predisposition to asthma (and the link between respiratory virus infection and asthma [14] ), understanding the mechanisms whereby these gene alterations influence pathogenesis will be critical. Early identification of vulnerable individuals could allow for targeted use of prophylactic strategies to protect those genetically at risk, as is currently practiced only for infants with abnormal underlying conditions. These preventative strategies could impact not only the morbidity and mortality of ARI but also the incidence of reactive airway disease.
Immunity to respiratory syncytial virus and inflammatory responses to respiratory syncytial virus infection RSV primary infection does not confer permanent immunity; repeated reinfection with RSV within 1 year of the previous infection is common in young children, although subsequent infections are usually milder, suggesting some protection against severe disease after primary infection. In adults, secretory neutralizing antibodies (but not serum antibodies) correlate with protection against upper respiratory tract infection, whereas circulating serum antibodies, particularly against F and G glycoproteins, have been shown to protect from infection and decrease progression to the lower airways [15, 16] . The limited degree of protection offered by maternal antibody is underscored by the fact that the peak incidence of serious RSV disease is seen in infants aged 2 to 5 months, when maternal antibody is still circulating within the infant.
RSV-induced lower respiratory tract disease (bronchiolitis and pneumonia) results from a balance between cellular damage mediated by the viral pathogen and injury caused by the immune response of the host [17] [18] [19] . Although the immunology and immunopathogenesis of RSV infection are not fully understood, humoral and cellular components of the immune system clearly contribute not only to protection from disease but also to pathogenesis of disease.
Mouse models of RSV disease have been used to dissect the contribution of different T-cell subsets and RSV proteins to the pathology of RSV infection and have shown different disease outcomes, depending on the RSV protein used to prime and the cellular response [20] . For example, in BALB/c mice the RSV surface protein G primes for an eosinophilic inflammatory response, mediated by Th2-type CD4þ T cells [21] , reminiscent of the responses seen in the formalin-inactivated RSV vaccine model [22] . Although transfer of cytotoxic T lymphocytes (CTLs) to naı¨ve mice resulted in accelerated viral clearance, immunopathology was also enhanced in mice with very active CTLs [23] , indicating that CTLs associated with Th1-type responses also contribute to the immunopathology observed in RSV-infected mice. Recent studies have shown that the pattern recognition receptor CD14 (toll-like receptor 4) participates in the innate immune response to RSV [24] [25] [26] , a response triggered by the F protein.
As in the animal models, cell-mediated immunity in children probably contributes to host defense against RSV but also causes much of the pathologic process, and inappropriate immune responses may drive pulmonary inflammation during naturally acquired infection [27] . Regulation of the response of T lymphocytes to RSV may be critical in determining the clinical outcome of RSV infection. Abnormal T-cell regulatory mechanisms may be related to a hyperactive IgE response, which contributes to an enhanced lung infiltrate [28, 29] . Several proinflammatory cytokines detected in respiratory secretions from RSV-infected individuals, including IL-8, RANTES, and macrophage inflammatory protein 1 alpha (MIP-1a), mediate neutrophil and eosinophil chemotaxis, and these cell types can promote host defense and tissue damage. The contribution of Th1 cells to RSV disease in humans is supported by the findings that interferon gamma (IFNg) is a prevalent cytokine produced by RSV-specific T-cells, and that the presence of IFNg [30] and the levels of MIP-1a [31] , rather than levels of Th2 cytokines, have been shown to correlate most closely with RSV disease severity.
The role of immunopathology in RSV was highlighted after children who had received formalin-inactivated RSV vaccine in 1967 developed enhanced RSV disease on exposure to virus [32] . The intense inflammatory infiltrate in the lungs of vaccinated children suggested an immunopathologic cause of enhanced disease. Animal models have been used successfully to study the immune correlates of pathology and the basis for enhanced disease [29] . The overexuberant inflammatory response, with lymphocytic and eosinophilic infiltration, has been ascribed to an imbalance in the ratio of Th1 to Th2 cells that could have resulted from poor preservation of F during formalin inactivation [33] . The resulting predominance of G in the formalin-inactivated vaccine was believed to cause a pathologic Th2 polarization of the immune response and pulmonary eosinophilia in children who were subsequently naturally infected with RSV.
CD4þ T cells play a major role in the immunopathogenesis of vaccineenhanced RSV disease [34] . A marked increase in Th2-type cytokine expression (IL-5, IL-13, IL-10) and a reduction in IL-12 expression occurred in mice that were immunized with the formalin-inactivated vaccine, indicating a swing toward Th2 in the genesis of enhanced inflammation [35] . The presence of IL-5 correlated with an eosinophilic infiltration in the mouse lung. In contrast, priming with live RSV resulted in a Th1 pattern of cytokine production and prevented subsequent enhanced disease [36] . A recent study in mice suggests that immune complexes that fix complement also play a key role in the pathogenesis of enhanced disease; the augmented disease in mice is mediated by these immune complexes and abrogated in complement component C3 and B cell-deficient mice [37] . The bronchoconstriction component of the enhanced disease seems to be mediated by complement, whereas the enhanced pneumonia component of disease depends on Th2 effects.
These findings, which enhance understanding of protective immunity and destructive inflammation, suggest important elements to consider in RSV vaccine development [38] . Successful vaccines must induce neutralizing antibody and CD8þ virus-specific CTLs, and should elicit the CD4 cell response that corresponds to the response to natural infection. Although live attenuated vaccines can clearly achieve these goals directly, they are not appropriate for several populations. Therefore, novel strategies are also being applied to the development of nonreplicating vaccines.
Prevention of respiratory syncytial virus disease: active immunization
RSV vaccine development has been hampered in the past decades by the complex factors described earlier, the concerns that resulted from the history of the early formalin-inactivated vaccine trials, and the limited support for study of pediatric respiratory viruses and vaccine development [38, 39] . Livecandidate attenuated RSV vaccines were never observed to cause enhanced RSV disease, and intranasal vaccination with live virus vaccines elicit better mucosal immunity than parenterally administered inactivated virus vaccines. Therefore, developing live attenuated vaccines for RSV-naı¨ve populations, including infants, is a priority. However, live attenuated vaccines pose the challenge of finding a balance between overattenuation, with subsequent induction of inefficient immunologic responses, and underattenuation, which may result in disease especially in younger infants. It is therefore heartening to report that recent advances in molecular virology have allowed a live attenuated vaccine candidate to be developed that is well tolerated in infants and protects against challenge [40] .
The recovery of infectious virus from cDNA clones of RSV [41, 42] , based on advances in molecular virology during the last decade, has completely changed the outlook for developing live attenuated RSV vaccines. New vaccine candidates can now be developed by introducing combinations of attenuating mutations into recombinant RSV through direct manipulation of the DNA intermediate. This new strategy is also advantageous for other pediatric respiratory viruses, which are discussed later. Specific mutations are introduced based on a rationale for their attenuating effects. This strategy, based on understanding the genetic basis of attenuation and applying it to the design of vaccines, is referred to as reverse genetics and will begin to replace the methods of serial passage of viruses or chemical mutagenesis, strategies that have been classically used to generate attenuating mutations [43] .
Live cold-passaged (cp), temperature-sensitive (ts) RSV vaccines (cpts vaccines) containing many attenuating mutations were attractive candidates for live attenuated RSV vaccines. One cpts, the 248/404 vaccine candidate, was safe and immunogenic in RSV-seronegative infants as young as 6 months but was not sufficiently attenuated in 4-to 12-week-old infants. Therefore, additional attenuating mutations were added using the novel technology, and one new vaccine candidate (rA2cp248/404/1030SH) contains five new independent attenuating genetic elements.
In 2005, Karron and colleagues [40] evaluated recombinant RSV vaccines in clinical trials for the first time. The candidate vaccine rA2cp248/404/ 1030SH was well tolerated and responsible mainly for mild illness (the lower respiratory tract illness observed was associated with other viral infections). Administration of a second dose of this vaccine showed restriction of viral replication, proving that this vaccine could induce protective immunity. Consistent with the mechanisms of natural immunity, the antibody responses to this live attenuated virus were not the primary mediators of protection induced by the vaccine. Thus, rA2cp248/404/1030SH seems to be the first RSV vaccine candidate that is appropriately attenuated for young infants, including infants 1 to 2 months of age. Although half of the youngest infants did not show antibody responses, the limited replication of the second dose suggests that the infants were protected, which is critical because these infants are the most vulnerable and have presented the most challenges to vaccine development. This successful trial provides a map for future trials of recombinant vaccines against RSV and other pediatric respiratory pathogens.
Subunit vaccines, while not viable for infants and therefore of limited use in the normal population, may provide a suitable approach to vaccination in immunosuppressed populations at high risk of severe RSV infection including high risk children, the elderly, and possibly for maternal immunization [38] . One viral surface glycoprotein, the fusion protein (F), has been used as the antigen for developing subunit vaccines (purified F protein [PFP]-1, PFP-2, and PFP-3). These F subunit vaccines have been shown to be moderately immunogenic and well tolerated in healthy seropositive children older than 12 months, children older than 12 months who have cystic fibrosis, and children older than 12 months who have chronic lung disease of prematurity. A meta-analysis of PFP-1 and PFP-2 studies suggested that these vaccines reduced the incidence of RSV infections but not lower respiratory tract infection [44] . The PFP-2 vaccine may show more promise in pregnant women; in a recent trial, it produced fourfold increases in neutralizing antibody titers in mothers and infants at birth and at 2 months of age [45] . Another subunit vaccine candidate is BBG2Na, a peptide from the G (receptor-binding) glycoprotein of RSV that is conjugated to the albuminbinding domain of streptococcal protein G [46, 47] . This vaccine is well tolerated, induces neutralizing antibody responses in healthy young adults, and is immunogenic in elderly individuals. Finally, subunit vaccines containing copurified F, G, and M proteins formulated with an alum adjuvant are being investigated [38, 48] . However, the likely targets for these vaccines will be elderly adults and those at high risk for severe RSV infection.
Prevention of respiratory syncytial virus disease: passive immunization
Until effective vaccines for RSV are widely available, passive immunoprophylaxis with RSV antibody preparations is important to protect children at high risk for severe RSV disease. A humanized monoclonal antibody (palivizumab) directed against the RSV fusion protein affords moderate protection to premature infants at high risk for severe RSV disease [49] . Palivizumab is administered monthly through intramuscular injection during the RSV season. Duration of therapy and indications for prophylaxis depend on gestational age, presence or absence of chronic lung disease, and environmental risk factors that increase RSV risk [50] .
Another RSV-specific monoclonal antibody derived from palivizumab, MEDI-524 was developed. Compared with palivizumab, this antibody has an 80-fold greater finding affinity for the RSV F protein [51] , is 23 times more potent at neutralizing RSV in vitro [51] , and more effectively reduces RSV titers in the cotton rat model [51, 52] . This preparation is currently in phase 3 trials in children at high risk for RSV and may be preferable to palivizumab in the future. Similar approaches using other monoclonal antibodies are in different stages of clinical development.
Antiviral strategies for respiratory syncytial virus
The role of antivirals in treating RSV infection remains uncertain. Although some studies have failed to show a correlation between viral load and disease severity, others suggest that reduced viral levels correlate with improved clinical outcomes. These findings are not surprising considering the significant role that proinflammatory responses play in the pathogenesis of this virus. Ribavirin is currently the only antiviral agent available for treating children who have RSV lower respiratory tract disease. Although ribavirin is a nucleoside analog that has good activity against RSV in vitro, clinical studies examining its effect in children conflict. Therefore, its use in children remains highly controversial and should only be considered for certain target populations.
Several new antiviral strategies against RSV are currently being investigated, including the promising approach of F protein fusion inhibitors. The RSV F (fusion) glycoprotein, like the F of all paramyxoviruses, mediates fusion between the viral and host cell membranes during infection [53, 54] . The F protein forms a trimer during synthesis and is cleaved during transit to the cell surface to produce the final membrane-distal and membrane-anchored subunits. The carboxyl terminal of the membrane-anchored subunit of paramyxovirus F proteins is anchored to the viral membrane, whereas the newly exposed amino terminal contains the fusion peptide that inserts into target membranes during fusion, which occurs at neutral pH [55] . Initially, the paramyxovirus fusion peptide lies deep within the hydrophobic core of the F protein, and for the virion to fuse with the target membrane and effect viral entry, the F protein must undergo an activation step exposing the fusion peptide [56] . For the paramyxovirus HPIV-3, the authors found that the F protein is activated when the adjacent receptorbinding protein, hemagglutinin-neuraminidase (HN), binds to a sialic acid-containing receptor, permitting fusion to occur. On receptor binding, the receptor-binding protein triggers F to fuse [57, 58] but must interact with its respective receptor for fusion to occur [53, 57, [59] [60] [61] .
This mechanism has now been shown to be true for paramyxoviruses in general [56] ; for RSV, G (the receptor binding glycoprotein) must be present and trigger F to fuse. Fig. 1 contains a schematic of the structural transitions that occur once F is activated, and that mediate membrane merger. The ectodomain of the membrane-anchored subunit of F protein contains two hydrophobic domains: the fusion peptide that inserts into the cellular target membrane during fusion and the transmembrane-spanning domain. The fusion peptide is adjacent to the N-terminal heptad repeat (HRN) and the transmembrane domain is adjacent to the C-terminal heptad repeat (HRC). The transient intermediate of F that is anchored to viral and cell membranes is believed to refold and assemble into a fusogenic six-helix bundle (6HB) structure as the HRN and HRC associate into a tight complex with N-and C-peptides aligned in an antiparallel arrangement. The refolding relocates the fusion peptide and transmembrane anchor to the same side, pulling the viral and cell membranes into close proximity and driving fusion [62] .
The refolding step of F provides an attractive target for antivirals. The ability of heptad repeat peptides to interfere with the analogous fusion process for HIV has led to a clinically effective peptide inhibitor of HIV infection (T-20, enfuvirtide) [63] [64] [65] . Peptides derived from the HRC-peptide regions of several paramyxoviruses, including Sendai, measles, Newcastle disease virus, RSV, and PIV5, can interfere with fusion intermediates of paramyxovirus F proteins [63, [66] [67] [68] [69] [70] [71] and can inhibit viral infectivity in vitro [66-68,71-75]. It has been proposed that this inhibition occurs because the peptides bind to their complementary heptad repeat region, thereby preventing HRN and HRC from refolding into the 6HB stable structure required for fusion [56, 62, 69] .
In a related approach, it was recently observed that the C-terminal of the HRN trimer contains a hydrophobic pocket that provides a potential binding site for small molecules that might interfere with the stability of the hairpin structure [76] , and could provide advantages over the use of peptides in clinical use. A low molecular weight molecule that is highly effective in inhibiting RSV fusion was recently shown to bind this hydrophobic pocket of HRN, suggesting that a small molecule that disrupts the hairpin can derail the RSV fusion process [77] . Inhibition of the F-triggering process by peptides or other small molecules that interact with the heptad repeat regions is a promising area for development of antiviral therapies and awaits further study.
Several other novel experimental approaches to inhibit RSV replication include the use of antisense oligonucleotides and RNA interference technology. These approaches, although promising, are still in early stages of development [78] . 
Parainfluenza viruses
The HPIV types 1, 2, and 3 (HPIV-1, -2, and -3) are the major cause of croup. Although RSV ranks as the most common agent of bronchiolitis and pneumonia, with HMPV also possibly contributing significantly [1] , parainfluenza viruses also follow closely behind [2] . HPIV-3 alone is responsible for approximately 11% of pediatric respiratory hospitalizations in the United States [79, 80] and is the predominant cause of croup in young infants. HPIV-1 and -3 belong to the Respirovirus genus within the Paramyxovirinae subfamily of the Paramyxoviridae family of negative-stranded RNA viruses, whereas HPIV-2 belongs to the Rubulavirus genus.
Although vaccination programs and antiviral use have helped suppress other causes of respiratory disease in children, such as influenza and measles, children are still unaided in their battle against the major cause of croup. While for RSV effective strategies of prophylaxis are available to protect the groups at most risk [81] , no weapons are currently available against the parainfluenza viruses.
Immunity to parainfluenza viruses and inflammatory responses to infection
Parainfluenza viruses replicate in the epithelium of the upper respiratory tract and spread to the lower respiratory tract within 3 days. Croup results from inflammatory obstruction of the airway. Epithelial cells of the small airways may become infected, with resultant necrosis and inflammatory infiltrates. The interplay between virus-induced cell damage, beneficial immune responses, and inflammatory responses that contribute to HPIV-3 disease has not been as well studied as for RSV. However, as with RSV, disease severity is often probably increased, and the pathology of clinical disease actually caused, by the inflammatory response rather than the cytopathic effects of the virus. This fundamental concept is highlighted by the fact that virus titers in the infected hosts are generally waning when disease symptoms become apparent [2] and that virus titer does not correlate with the severity of lower respiratory disease. The pathologic changes in children who died from parainfluenza infection suggest exaggerated inflammation [82, 83] rather than simply tissue destruction by virus.
HPIV primary infection does not confer permanent immunity. However, although reinfection occurs, immunity is usually sufficient to restrict virus replication from the lower respiratory tract and prevent severe disease. Mucosal IgA levels correlate with protection from replication of parainfluenza viruses in humans [84, 85] . Cell-mediated immunity also contributes importantly to preventing disease. For example, HPIV-3 infection in infants who are T-cell-deficient can cause a fatal giant-cell pneumonia [84, 85] , and HPIV pneumonia has a 30% mortality in bone marrow transplant recipients [86] .
A cotton rat (Sigmodon hispidus) model of disease has been useful in analyzing factors affecting the pathogenesis of HPIV-3 in vivo. Experimental infection of the cotton rat with HPIV-3 leads to infection of bronchiolar epithelial cells, bronchiolitis, and interstitial pneumonia, mimicking human disease and making it a relevant model for HPIV-3 lower respiratory infection [87] . The authors studied cotton rats infected with either wild-type HPIV-3 or variant viruses containing HN molecules with individual mutations that conferred high receptor-binding avidity or low neuraminidase (receptor-cleaving) activity [88] . The infected animals experienced normal clearance of the variant viruses as opposed to the wild-type viruses; however, each of the HN protein alterations led to striking differences in the ability of HPIV-3 to cause extensive disease in the cotton rat lung. The variants caused alveolitis and an interstitial infiltrate, whereas the wild-type virus only caused peribronchiolitis, and the enhanced disease caused by the HN variants was manifested by greatly increased inflammatory cell infiltrate in the alveoli and interstitial spaces in the lung. This finding suggested that the differences between variants were caused by modulation of the inflammatory response through the different HN protein activity of the variants, and are dissociated from viral replication or infectivity. The authors hypothesize that mutations in the HN protein that alter either its affinity for receptor or its receptor-cleaving activity may modify the nature of the inflammatory response of the host. By using HN variants to dissect the etiology of enhanced disease it may be possible to identify which component(s) of the immune system's response to HPIV3 contributes to disease. Experiments are underway to determine whether HPIV-3 HN protein alterations that enhance disease specifically alter chemokine expression. The results will provide information that could be used to develop therapies to modulate an overactive inflammatory response after HPIV infection.
Prevention of parainfluenza disease: vaccine development
The development of a vaccine for the parainfluenza viruses has been hampered by the need to induce an immune response in young infants whose immature immune systems and maternal antibodies interfere with the development of an adequate immune response. An inactivated HPIV-1, -2, -3 vaccine used in infants in the late 1960s was immunogenic but did not offer protection from infection [89, 90] . Experimental vaccines are being evaluated, and a vaccine for HPIV-3 and perhaps also HPIV-1 is anticipated [91] [92] [93] [94] [95] . This progress has benefited greatly from the recent advances in molecular virology.
Two different strategies are being developed for HPIV-3 vaccines. One is a live-attenuated bovine parainfluenza type 3 (BPIV-3) vaccine, and the other is a vaccine based on a cold-adapted attenuated strain. The BPIV-3 vaccine is attenuated in humans by nature of host range. The bovine virus itself, when used to infect humans, was well tolerated but did not induce similar levels of antibody titers seen in infection with the human virus. Therefore, the reverse genetics approach was used to generate a set of HPIV-3 variants that carry individual genes from the bovine virus (chimeric viruses). These strains elicited an improved antibody response and, in monkeys, protected against HPIV-3 infection. Two of the chimeric viruses, one containing the HN gene from the bovine virus in a human virus background and the other containing the F and HN glycoprotein genes from the human virus in the bovine virus background are now viewed as the strongest vaccine candidates for human trials [96] [97] [98] . The latter candidate combines the host range restriction of BPIV-3 with the major antigenic determinants of HPIV-3, permitting efficient replication in vitro (which is beneficial for vaccine development) along with host range phenotype and excellent antigenicity. The bovine/human chimeric approach is also being used to create a strategy for vaccinating simultaneously against HPIV-3 and RSV, and possibly also HMPV. The chimeric virus that contains the HPIV-3 F and HN glycoprotein genes in the BPIV-3 background was engineered to also express protective antigens to RSV and HMPV, and this strategy will lead to bivalent vaccines against HPIV-3/RSV or HPIV-3/HMPV using a single virus. The BPIV-3/HPIV-3 chimera that also expresses RSV F is in clinical trials.
The HPIVs are also theoretically well suited as vaccine vectors for other pediatric pathogen vaccines, especially those that use the respiratory portal for entry, because the intranasal route of administration is highly advantageous. HPIV-3-based vaccines would immunize within the first 6 months of life because the virus infects in early infancy, whereas vaccines using HPIV-1 or HPIV-2 backbones could be used in the second half of the first year of life. Taking the strategy of reverse genetics using HPIV as a backbone vaccine one step further, HPIVs could thereby be used as vaccine vectors for other viruses that infect through the respiratory portal, including severe acute respiratory syndrome (SARS) and Ebola. A BPIV-3/HPIV-3 virus expressing the spike glycoprotein of SARS-coronavirus elicited a neutralizing antibody response and protection against challenge with SARS in African green monkeys [99] . HPIV-3 expressing the glycoprotein of Ebola was highly effective in a guinea pig model [100] and is being evaluated in primates. These types of vaccines could be developed to protect children against emerging infections.
The second attenuated virus being developed for HPIV-3 vaccines, cp45, is based on a live cpts vaccine containing many attenuating mutations. This vaccine is both well-tolerated and immunogenic in children and infants, even those as young as 1 to 2 months [91, 93, 101, 102] and is being further evaluated in clinical trials [93] . Given the promise of this candidate, an attenuated RSV vaccine (the 248/404 cpts vaccine) was tested in combination with the HPIV-3 cp45 vaccine. Although some interference occurred between the two virus vaccines, the results justify further evaluation of combination vaccines [101] .
Antiviral strategies for parainfluenza
Several features of the viral lifecycle make parainfluenza viruses vulnerable to attack (Fig. 2) . The parainfluenza viruses enter their target cell by binding to a receptor molecule and then fusing their viral envelope with the cell membrane to gain access to the cytoplasm. Because binding and fusion are critical steps for infection to proceed, interfering with these critical processes at the entry stage of the viral lifecycle would prevent disease. The HPIV-3 F protein was found to be fully activated only when the adjacent receptor-binding protein HN binds to sialic acidcontaining receptor, permitting fusion to occur. On receptor binding, HN actively triggers F to fuse [57, 58, 61] . This mechanism is true for most paramyxoviruses [56] . The receptor-binding protein of these viruses, including HPIV-1 and HPIV-2, RSV, measles virus, Hendra virus, and Nipah virus, must interact with its respective receptor for fusion to occur [53, 57, [59] [60] [61] .
The authors identified and functionally characterized specific receptorinteracting sites on the HPIV-3 HN molecule [60, 103, 104] , and once the three-dimensional crystal structure of the HN protein was solved [105] , they mapped these functional sites onto the HN structure [106] . With this information, binding inhibitors can now be designed specifically to fit into the binding pocket on the globular head of HN (Fig. 2B) [107, 108] . In addition to interfering with receptor binding by the HN protein, this blockade will interfere with the F-triggering function of the HN protein, which can only occur when the HN protein is in contact with its receptor.
The F-triggering function provides a target for several antiviral strategies. First, based on a recent analysis of the F-triggering process, peptides corresponding to the HR domains of F (see Fig. 1 ) can be designed to prevent the F protein from reaching its fusion-active state (Fig. 2C ). The authors are performing computational modeling, based on the three-dimensional structure of the related parainfluenza virus 5 (PIV5, previously called Simian Virus 5 or SV5) F [109] , to predict which peptides will be most active, and will then test these predictions experimentally. This strategy has been effective at improving the design of antiviral peptides for paramyxoviruses [71] . Preliminary studies in the authors' laboratory also suggest that the normal triggering process may be subverted, causing the F protein to become activated before it reaches the target host cell and incapacitating F before it can mediate viral entry. The authors have shown that specific mutations in the stalk region of HN affect HN's ability to trigger F protein [57] , and that specific features of the globular head region of HN modulate this triggering function [61] . However, how the signal for activation is transmitted from HN to F protein is unknown. For example, if HN's receptor binding induces a conformational change in HN, how does this change lead to activation of F? A more detailed understanding of this pathway should lead to additional targets for interruption of viral entry.
Because HPIV-3 pathogenesis is probably largely caused by the inflammatory response to infection, the findings that specific alterations in HN protein correlate with enhanced pathology and that HN may play a role in eliciting inflammatory responses suggest that approaches to modulating the inflammatory response may ameliorate disease ( Fig. 2A) .
Finally, the HN molecule, in addition to binding to receptors, contains neuraminidase (receptor-cleaving) activity, and cleaves the sialic acid moieties of cellular receptors, allowing new virions to be released from the host cell surface and infection to spread. Although neuraminidase inhibition is unlikely to be as effective an antiviral strategy for parainfluenza viruses as it has been for influenza virus [58, 104, 110, 111] , specific inhibition of this activity could prevent virion entry into additional uninfected cells (Fig. 2D) . These several potential therapeutic targets are being actively pursued with the hope that they will open new avenues for parainfluenza infection interference; certainly, strategies to protect and treat children with parainfluenza virus infection are urgently needed.
Human metapneumovirus
HMPV is a newly identified respiratory virus that is associated with lower respiratory tract disease in infants and children. This virus was first reported in the Netherlands in 2001 [112] by investigators who identified sequences of the virus after performing randomly primed reverse transcription-polymerase chain reaction (RT-PCR) analysis of respiratory secretions from children who had lower respiratory tract disease. HMPV belongs to the Metapneumovirus genus within the Pneumovirinae subfamily of the Paramyxoviridae family of negative-stranded RNA viruses. HMPV may account for much of the lower respiratory disease in young children that was of previously unknown origin [1, 113] , and a significant portion of upper respiratory infection [114] . It may also cause wheezing episodes in late winter to spring [115] and, less frequently, croup or pneumonia.
Immunity to metapneumovirus and development of vaccine strategies
Although significant information about HMPV has accrued in the 5 years since the virus was recognized as a cause of respiratory disease, much remains to be learned about the incidence of HPMV in specific populations, its basic virology, the strain variation, and the mechanisms of pathogenesis and immunity. Little is known about the correlates of immunity to HMPV infection or about the host-pathogen balance in lung disease, but features are probably shared with RSV and parainfluenza. Infection induces serum-neutralizing antibodies in experimentally infected animals, and protection against reinfection has been induced through primary infection in several animal models [116] [117] [118] .
A cotton rat model was recently developed for HMPV, with similar features to the cotton rat model for HPIV-3 [118] . Cotton rats were inoculated intranasally with HMPV. The infected cotton rat lungs exhibited the histopathologic changes of peribronchial inflammatory infiltrates, and immunohistochemical staining detected virus at the luminal surfaces of respiratory epithelial cells throughout the respiratory tract. The cotton rats mounted neutralizing antibody responses against HPMV, and on subsequent rechallenge with HMPV, the animals exhibited partial protection in terms of viral replication and lung disease. Therefore, the cotton rat will probably be a useful small animal model of HMPV infection that, as for RSV and HPIV-3, reflects the disease and the correlates of immunity or immunopathology in children [81, 87, 119, 120] . This model will now facilitate the in vivo studies of pathogenesis that lead to development of vaccine and antiviral candidates.
For HPMV, vaccine strategies immediately benefited from the advances in reverse genetics and vaccine technology that were developed for RSV and HPIV-3 and allow recombinant engineered viruses to be generated from DNA clones of viral genes. As a result, live attenuated virus vaccine development for HPMV is already in progress. Recombinant HMPV strains were generated, representing rescue of strains from Canada (strain CAN97-83) and the Netherlands (strains NL/1/00 and NL/1/99) entirely from cDNA [121] . Several chimeric viruses were generated that are considered suitable vaccine candidates. For example, HPMV viruses in which several individual genes (the small hydrophobic protein gene SH, the receptor-binding protein gene G, or the M2 gene) or open reading frames were deleted were assessed for their ability to replicate and their efficacy as intranasal vaccines in African green monkeys [122] . Each gene-deletion recombinant virus, although highly attenuated, was also very immunogenic and protected the monkeys against challenge with HMPV. Two of these viruses (G-deleted and M2-deleted) are promising vaccine candidates [122] . In a different recombinant approach, chimeras were generated by replacing the nucleoprotein or phosphoprotein (P) open reading frame of HMPV with the corresponding gene from the avian metapneumovirus subgroup C [123] . When tested in African green monkeys immunized intranasally and intratracheally, both chimeras were comparable to wild-type HMPV in their immunogenicity and protective efficacy, and the P chimera, although it exhibited excellent growth in vitro (making it feasible for vaccine development) was also highly attenuated. Thus, the P chimera could be a superb vaccine candidate that combines good growth in vitro with attenuation in vivo and excellent protection in a primate model [123] . Candidate vaccines will probably emerge from clinical trials fairly soon, underscoring the importance of recent advances in molecular virology of respiratory viruses in accelerating clinical vaccine development.
Human coronavirus NL63: a new coronavirus cause of croup
Several newly identified members of the coronavirus family cause lower respiratory disease. One is SARS-coronavirus, the etiologic agent of SARS, first detected after cases of a severe atypical pneumonia of unknown origin were reported in late 2002. The disease rapidly spread to more than 25 countries and sickened thousands of individuals by April 2003, and the global medical and scientific communities engaged in a striking cooperative effort that led to rapid progress in identifying the SARS-coronavirus and diagnosing this severe disease [124] [125] [126] [127] . Outbreaks have been effectively contained, and research is underway to develop protective measures against this infrequent but fatal disease.
The second novel coronavirus, human coronavirus NL63 (HCoV-NL63), is less virulent but seems to be far more common and a frequent cause of lower respiratory tract disease in young children. Two different groups identified the virus in 2004 [128, 129] . The following year, HCoV-NL63-specific quantitative real-time PCR was used to define the clinical spectrum of disease by analyzing more than 900 samples from a prospective study on lower respiratory tract infection in children younger than 3 years [130] . HCoV-NL63 was found to be the third most frequently detected pathogen after RSV and HPIV-3. The infection was strongly associated with croup (rather than bronchiolitis), suggesting a causal relationship, and therefore was probably somewhat less pathogenic than RSV [130] . Thus, another significant cause of respiratory disease in children was added to the list.
Receptor identification for human coronavirus NL63
Cell tropism and receptor use of HCoV-NL63 have been recently analyzed [131] . Receptor identification was performed using the new technology of pseudotyping viruses, in which the surface proteins of one virus can be incorporated into the membrane of another viral particle (eg, HPIV-3 glycoproteins in a retrovirus particle). Thus, binding and entry assays can be performed using the well-characterized and molecularly malleable retrovirus particle. The pseudotype allows engineering of any desired variant of the viral envelope protein being studied, and provides reporter assays for assessment of the envelope protein's ability to mediate binding, fusion, and entry. To identify the HCoV-NL63 receptor, the HCoV-NL63 spike (S) protein was incorporated into the membrane of retroviral particles to analyze cell tropism and receptor engagement of HCoV-NL63 [131] . The NL63 S protein was found to bind angiotensin-converting enzyme 2 (ACE2), the receptor for SARS-coronavirus, and to use ACE2 as a receptor for infection of target cells. Potent neutralizing activity directed against HCoV-NL63's S protein was detected in most sera from individuals aged 8 years or older, suggesting that HCoV-NL63 infection of humans is commonly acquired during childhood. The facts that SARS-coronavirus and HCoV-NL63 use the same receptor but differ greatly in pathogenicity, and HCoV-NL63 infection in children seems to be such a frequent event, raise the concern that pathogenic variants could evolve and highlight the need for coronavirus vaccine development.
Antiviral strategies for HCoV-NL63
Investigation into antiviral strategies began in 2006, 2 years after the new viral agent was identified [132] . Several existing antiviral drugs and new synthetic compounds were tested preliminarily as inhibitors of HCoV-NL63, and several potential strategies were identified for further study, including HR peptides that could interfere with the fusion protein's function and several small interfering RNAs [132] . Identifying common themes in strategies for inhibiting a diverse array of pediatric respiratory viruses (eg, using HR peptides to interfere with fusion during entry) will likely allow advances in the study of one virus to benefit antiviral strategies for other viruses. The scientific progress in understanding viral replication, entry, and fusion for other respiratory viruses will likely benefit the search for antiviral strategies for this newest member of the group of viruses that cause respiratory disease in children.
Treating the final common pathways: new therapies for bronchiolitis
In 1963, two leading pediatricians summarized the ''state of the art'' of bronchiolitis treatment: ''To sum up, oxygen is vitally important and there is little convincing evidence that any other therapy is consistently or even occasionally useful'' [133] . Unfortunately, more than 40 years later, this statement is largely still true and few real advances have been made in the pharmacologic treatment of bronchiolitis. The occurrence of wheezing in both RSV-induced bronchiolitis and asthma, coupled with the observation that many infants hospitalized with bronchiolitis caused by RSV or other respiratory viruses are at increased risk for recurrent wheezing episodes in early childhood [134] [135] [136] [137] , has largely directed the most drug development to focus on acute bronchiolitis to various asthma therapies. In fact, genetic factors governing airway size and control of airway function and variability in the inflammatory response to the viral infection, together with environmental exposures, appear to contribute not only to the pattern of disease seen in acute bronchiolitis but also to the predisposition to recurrent wheezing/asthma [138, 139] .
Although understanding the mechanisms linking viral bronchiolitis and asthma is critical in light of the implications for therapy, this association remains elusive. As a result, treating bronchiolitis with the same strategies for treating an acute asthma episode has not yielded consistent benefit over the past few decades. Corticosteroids (systemic or inhaled), b agonists, mixed a and b agonists, anticholinergics, and theophylline have been tried and have been generally largely ineffective [140] [141] [142] . In light of the pathology of airway obstruction associated with bronchiolitis (desquamation of the respiratory epithelium and airway wall edema), this lack of effectiveness is not surprising. Acute reversible airways obstruction, although common in children who have asthma, is not a constant finding in some patients who have viral bronchiolitis [143] , and may relate to the type of immune response generated by the infection. Advances in knowledge of the immunologic and inflammatory factors that contribute to disease may suggest new approaches to treatment and facilitate understanding of the relationship between viral bronchiolitis and recurrent wheezing [19] .
Inhibition of leukotrienes
Cysteinyl leukotriene (LTC4, LTD4, and LTE4) concentrations were recently found to be elevated in upper and lower respiratory tract secretions from infants who had RSV bronchiolitis [144, 145] . These leukotrienes play a key role in the airway obstruction associated with asthma by mediating mucosal edema, mucus hyper-secretion, recruitment of eosinophils, and smooth muscle contraction. Bisgaard and colleagues [146] showed that a 4week course of the cysteinyl leukotriene blocker montelukast in infants who had acute RSV bronchiolitis reduced daytime cough and increased the number of symptom-free days. Although this study population included children up to 36 months of age experiencing first-time wheezing, a detailed analysis of these data suggests that the effect was most pronounced in the younger subjects, an observation that correlates well with the evidence for higher levels of leukotriene levels in infants younger than 6 months [145, 146] . The study design focused on long-term rather than acute effects, and insufficient data support the use of montelukast for treating milder forms of the disease, or for relieving airways obstruction in the acute setting. As those authors and an accompanying editorial note, further investigation in an appropriate study population with documented RSV infection are needed to gauge the benefit of this therapy [147] .
DNase treatment
The observation that secretions composed primarily of desquamated epithelial cells obstruct the small airways in children who have bronchiolitis suggested the use of recombinant human deoxyribonuclease I, a treatment that has been effective in patients who have cystic fibrosis. In one study of hospitalized infants who had acute RSV bronchiolitis, the chest radiographs at discharge showed that recombinant human DNase treatment was associated with significant improvement [148] . However, therapy did not affect other clinical features, such as respiratory rate, wheezing, and retractions. A similar, smaller intervention study in more severely ill patients also showed this therapy to be effective in correcting massive atelectasis and avoiding the need for mechanical ventilation in patients who had impending respiratory failure [149] . As with leukotrienes, more studies are needed to define the usefulness of this therapy. This intervention is one of few that focus on addressing the problem of airway obstruction.
Surfactant replacement
Decreased levels of surfactant protein (SP)-A, -B, and -D have been reported in infants who have RSV bronchiolitis [150] . In mice, surfactant deficiency confers an increased susceptibility to inflammation during RSV infection [151, 152] . If this increased susceptibility is also found in humans, identifying infants deficient in SP-A or -D who would be at risk for more severe RSV disease would be beneficial to target for prevention and therapy. Therefore, surfactant replacement is logical not only because of its effect on improving lung function but also because of the potential benefits of decreasing inflammation. In a small study of ventilated patients who had RSV bronchiolitis, the patients experiencing respiratory failure who were treated with two doses of bovine surfactant showed improved static compliance (indicative of decreased hyperinflation) and decreased airways resistance compared with the untreated patients [153] . No acute improvement in gas exchange occurred, but the group treated with surfactant showed improved oxygenation and ventilation indices over the first 60 hours of mechanical ventilation. Unfortunately, surfactant currently must be delivered through endotracheal intubation, and therefore this therapy is reserved for children in respiratory failure. Larger studies are needed to assess the effects of surfactant on the duration of mechanical ventilation and on viral clearance [154] .
Rapid diagnostic strategies for respiratory viruses
The development of accurate and rapid diagnostic assays for respiratory viruses is key for two seemingly separate but rapidly converging arenas. Diagnosis will become increasingly important to clinical management of individual children, and is urgently needed for global public health, including pathogen surveillance. In recent years significant progress has been made in applying advances in molecular biology to respiratory virus diagnosis, and some of the new strategies are already clinically useful [155] [156] [157] . For the practitioner, guidelines and clear data are needed regarding the situations in which specific kinds of assays may be appropriate. The transition of these technologies from the development stage to the clinically useful stage is still in flux. However, one may look forward to a situation in which public health institutions will be rapidly responsive to pathogens arising in the community and practitioners will be able to use detailed information to guide prevention or therapy.
MassTag polymerase chain reaction: a paradigm for new detection strategies for early recognition and containment of a wide range of respiratory pathogens
Recently, Briese and colleagues [158] described the development of a MassTag PCR for differential diagnosis of respiratory disease. MassTag PCR is a multiplex assay in which the pathogen gene targets are coded by a library of 64 distinct mass tags. The microbial RNA or DNA is amplified by multiplex RT-PCR using up to 64 primers. Each primer is labeled with a different molecular weight tag, which is attached to the primer with a photo-cleavable link. After amplification, the mass tags are released from the amplified material with UV irradiation, and the identity of the tag is determined with mass spectrometry. The identity of the organism is determined from the presence of its two specific tags, one from each primer. The technology was successfully applied to respiratory disease in its first test case [158] . The multiplex primer sets were designed to identify up to 22 respiratory pathogens in a single MassTag PCR reaction, and the method was found to be highly sensitive and specific for diagnosing these viral and bacterial agents in clinical samples. The tests were performed using blinded analysis of previously diagnosed clinical specimens (banked sputum, nasal swabs, and lung washes), and the MassTag PCR was highly effective at identifying all pathogens, including RSV; HPIV-1, -2, and -3; HMPV; influenza; and coronavirus-SARS (HCoV-NL63 was not included in the study). This technology probably will be used most immediately in the public health setting for identifying outbreaks and global surveillance. As the technology becomes streamlined and mass spectrometry becomes more easily accessible, this method has great potential for individual patient management.
Diagnosing respiratory syncytial virus and paramyxovirus human parainfluenza virus in the clinical setting
RSV and HPIV antigens can be rapidly identified in individual patients using commercially available rapid screening kits with sensitivities and specificities of 80% to 90%. These tests are performed directly on nasopharyngeal secretions using either fluorescent-conjugated antibody or ELISA with a monoclonal antibody [155] . Multiplex quantitative RT-PCR-enzyme hybridization assays can identify a panel of respiratory viruses and differentiate between RSV viral subtypes A and B and HPIV-1, -2 and -3 [159] [160] [161] . The Hexaplex assay (Prodesse, Inc., Milwaukee, Wisconsin) [159] is a multiplex RT-PCR assay for detecting HPIV-1, -2, and -3; RSV A and B; and influenza virus types A and B. Although the sensitivity, specificity, and positive and negative predictive values are excellent [159] , confirmation with viral culture (either rapid or traditional) is still important, especially with a negative result in an ill child. PCR-based technology may provide a useful contribution to diagnosis and subtyping of RSV and HPIV-3 in the future [157] .
These assay kits, and those for antigen detection, allow simple screening of children and will likely be used more commonly in the future as more therapies for pediatric respiratory viruses become available. However, it is hoped that the importance of accurate viral diagnosis gains wider acceptance among practitioners, especially during influenza season, when prompt specific treatment for influenza can effectively shorten the duration and lessen the severity of disease in children [110] . Identification of the etiologic agent, even if no specific therapy is available, is critical in containing respiratory virus outbreaks and avoiding transmission to vulnerable individuals.
Diagnosing newly identified pathogens: human metapneumovirus and coronavirus NL63
Although HMPV was included among the 22 respiratory pathogens successfully identified in the single MassTag PCR described earlier [158] , clinical diagnosis of this recently identified pathogen is still less developed than for RSV and HPIV. However, molecular methods have been developed recently [162] [163] [164] . HMPV virus in respiratory secretions is best identified with RT-PCR. Several of the original clinical reports on this virus used RT-PCR assays that used PCR primers hybridizing to the polymerase (L) gene, and used the L gene PCR product sequence to identify the virus. Faster and specific real-time RT-PCR tests were developed over the past 2 years that can also detect viruses from the four known genetic lineages of HMPV [163] [164] [165] .
Diagnostic strategies for HCoV-NL63 were developed for use in population studies to assess the incidence of infection with this virus and its association with respiratory disease [130, 166] . Whether HCoV-NL63 diagnosis will have a place in practice, or whether identifying this agent will be most important in the public health setting, is unclear. A ''pan-coronavirus'' RT-PCR assay was recently developed and used to assess respiratory disease in hospitalized children [166] . The original consensus RT-PCR assay, which was designed to amplify all known coronaviruses, is unable to detect HCoV-NL63 because of mismatches with the primer sequences [167] . For the new assay, the consensus primers were modified based on an alignment with the HCoV-NL63 prototype sequence. In addition to HCoV-NL63 and SARScoronavirus, the two other human coronaviruses known to infect the respiratory tract, OC43 (HCoV-OC43) and 229E (HCoV-229E), were included in the optimized pan-coronavirus RT-PCR assay. In addition to identifying the specific viral infections, sequence analysis of amplified gene segments showed that the HCoV-NL63 isolates could be classified into the two subtypes corresponding to the two prototype HCoV-NL63 sequences.
The pan-coronavirus assay was tested not only on the four known human coronaviruses, but also on three animal coronaviruses: feline infectious peritonitis virus, porcine hemagglutinating encephalomyelitis virus, and murine hepatitis virus. The results suggest that the assay efficiently amplifies a broad range of coronaviruses, both human and animal. This pan-coronavirus RT-PCR assay could be especially useful for its ability to identify previously unknown coronaviruses.
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